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Requirement of dopamine signaling in the amygdala
and striatum for learning and maintenance of a
conditioned avoidance response
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Two-way active avoidance (2WAA) involves learning Pavlovian (association of a sound cue with a foot shock) and instru-
mental (shock avoidance) contingencies. To identify regions where dopamine (DA) is involved in mediating 2ZWAA, we
restored DA signaling in specific brain areas of dopamine-deficient (DD) mice by local reactivation of conditionally inacti-
vated Th genes using viral gene therapy. Among all targeted areas—prefrontal cortex (PFC), amygdala, ventral striatum,
dorsal striatum, and whole striatum—only restoration of DA signaling to both the whole striatum together with the amyg-
dala enabled DD mice to acquire 2WAA. However, after prolonged overtraining during which DD mice had DA synthesis
systemically reconstituted pharmacologically with L-3,4-dihydroxyphenylalanine (L-Dopa), DA signaling in the striatum
alone was sufficient to maintain 2WAA, whereas DA signaling in the PFC together with the amygdala was insufficient to
maintain 2ZWAA. Our results indicate that learning 2WAA requires DA signaling in both the amygdala and the entire stria-
tum; however, after sufficient training, DA signaling in the striatum alone can maintain the learned avoidance behavior.

[Supplemental material is available for this article.]

Introduction

Besides its involvement in drug-seeking, motor control,
reward-learning, motivation, and attentional processes (Dayan
and Balleine 2002; Schultz 2002; Dalley et al. 2004; Wise 2004),
the dopamine (DA) system has also been associated with fear-
related learning (Lamont and Kokkinidis 1998; Greba et al.
2001; Pezze and Feldon 2004; de Oliveira et al. 2009; Fadok et al.
2009). DA neurons that are important for these behaviors reside
predominantly in the substantia nigra pars compacta (SNc),
which projects mainly to the dorsal striatum (caudate putamen,
CPu), and the ventral tegmental area (VTA), which projects to
the ventral striatum (nucleus accumbens, NAc), medial part of
the CPu, and to cortical and limbic areas (Bjorklund and
Dunnett 2007). These midbrain DA cells respond to aversive
events by changing their electrophysiological activity (Joshua
et al. 2008; Brischoux et al. 2009). Among the limbic DA projec-
tion areas, the amygdala is known to be critically important for
fear-related behaviors (Seymour and Dolan 2008; Ehrlich et al.
2009; Shionoya and Datiche 2009) and DA levels in the amygdala
increase during aversive events (Kalivas and Duffy 1995).

The two-way active avoidance (2WAA) paradigm differs from
some commonly used fear-associated learning paradigms in that
it requires not only associating a cue with a foot shock, but also
learning a foot-shock avoidance strategy. This conditioned avoid-
ance is strongly disrupted by antipsychotic drugs, many of which
mediate their effects by blockade of DA receptors (Davidson and
Weidley 1976; van der Heyden and Bradford 1988; Smith et al.
2007). A role for the striatum in avoidance behavior has been
long established (Posluns 1962; Fibiger et al. 1974) and, more
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importantly, ablation of DA neurons with neurotoxins also impli-
cates DA signaling to the striatum in conditioned avoidance
(Koob et al. 1984; Da Cunha et al. 2002).

Our lab has generated a mouse model of DA deficiency, the
flox-stop dopamine-deficient (DD) mouse, which has condition-
ally inactive Th genes that can be reactivated by action of Cre
recombinase (Hnasko et al. 2006). The inability of these DD
mice to synthesize DA can be bypassed by administration of
L-3,4-dihydroxyphenylalanine (L-Dopa), which can be converted
into DA. This allows investigating behavior in either presence or
complete absence of DA (Palmiter 2008). In addition to this sys-
temic pharmacological restoration, DA synthesis can be restored
in DD mice by injecting brain regions of interest with a Cre
recombinase-expressing virus (CAV2-Cre) that is taken up by ter-
minals of cells projecting to the injection area and retrogradely
transported back to the cell body. Thus, we can permanently
restore DA synthesisin DD mice in a highly region-specific manner
and then examine the role of DA in those areas for 2WAA (Darvas
and Palmiter 2009, 2010). Because norepinephrine signaling is
selectively restored and normal in DD mice (Hnasko et al. 2006),
all behaviors observed in this model are attributable to DA and
not norepinephrine, which is important since norepinephrine
influences the strength of fear memories (McGaugh 2004).

Results

Restoration of DA signaling to DD mice

To identify brain regions where DA is necessary for 2WAA, we reac-
tivated the Th gene in DD mice by bilaterally injecting CAV2-Cre
into the prefrontal cortex (PFC) plus amygdala, striatum, striatum
plus PEC, striatum plus amygdala, NAc plus amygdala, and CPu
plus amygdala. Injections targeting the whole striatum were
done by dual injections into the CPu along with the NAc. We

Learning & Memory



Dopamine signaling and conditioned avoidance

Prefrontal Prefrontal
A dal.
Cotin mygdala Cortex Striatum Striatum

N N N s

Amygdala Amygdala

accumbens

Figure 1. Schematic illustrations of targeted areas and needle place-
ment for CAV2-Cre injections: PFC plus amygdala (A), PFC plus whole
striatum (B), whole striatum (C), whole striatum plus amygdala (D),
NAc plus amygdala (E), and CPu plus amygdala (F). Each syringe rep-
resents a viral injection and the syringe tips specify the injection depth.
Regions of interest that are shown in Figure 2 are marked by boxes.

designated these mice as virally rescued or viDD mice. Wild-type
littermates (sham controls) were also injected with CAV2-Cre at
the same coordinates. Figure 1 shows schematically the needle
placements for these injections together with black boxes denot-
ing areas containing the PFC, striatum, and amygdala (Fig. 1A-F).

Because we did not find any differences in TH immunostain-
ing or behavior between the various groups of sham controls they
were grouped together for presentation of our results. Whereas TH
immunostaining was absent in DD mice that were not injected
into the striatum, targeting NAc plus CPu with CAV2-Cre restored
TH immunostaining to the whole striatum of viDD mice (Fig. 2A-
D). Likewise, TH staining in the amygdala (Fig. 2E-H) and PFC
(Fig. 2I-L) increased greatly over that contributed by noradrener-
gic fibers in viDD mice that were injected in those areas. Targeting
viral injection to either NAc or CPu resulted in restoration of TH
staining in each respective area (Fig. ZM-0). Although injection
of CAV2-Cre into the CPu alone restored TH staining in both
the dorsolateral and dorsomedial striatum, the staining observed
in the dorsolateral striatum was more intense than in the dorso-
medial striatum. Because some of the injections into the CPu
also resulted in weak restoration of TH staining in the NAc (not
shown), we included only those viDD-CPu mice into our behavio-
ral analysis that had no TH staining in the NAc. The histology
shown here is from this subset of viDD mice that had TH staining
exclusively restored to the dorsal striatum. Injection of CAV2-Cre
into the NAc also resulted in weak restoration of TH staining in the
dorsomedial striatum; hence, viDD mice that received viral injec-
tions into both the CPu and NAc show a stronger TH staining in
the dorsomedial striatum than mice that received viral injections
into the CPu alone.

Taken together, the TH immunostaining patterns confirm
that we generated mice DA synthesis restricted to PFC plus amyg-
dala (Fig. 2B,F]J), striatum plus PFC (Fig. 2C,G,K), striatum
(Fig. 2D,H,L), striatum plus amygdala (Fig. 2M,P), NAc plus
amygdala (Fig. 2N,Q), and CPu plus amygdala (Fig. 20,R).
Supplemental Table 1 shows the number of sham-control and
vrDD mice that were generated and how they were assigned to
the experimental conditions.

Learning 2ZWAA requires DA signaling in the striatum
and amygdala

All mice were trained with 20 trials per block, 5 blocks per day
for 2 d. Two measurements were taken to analyze learning of
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2WAA: latencies to respond to the sound cue (escape latency)
and the percentage of avoidance responses. First, we tested if
restriction of DA synthesis to the amygdala and PFC (PFC and
Amy) alone would be sufficient to allow for 2WAA. To overcome
the inactivity of mice without striatal DA, we used caffeine
(15 mg/kg i.p.) to stimulate both the vrDD and the sham-control
mice. Whereas both saline- and caffeine-treated sham-control
mice performed 2WAA to a similar degree, caffeine-stimulated
viDD-PFC and Amy mice did not show 2WAA (Fig. 3A-C).
Locomotor activity was similar between groups as indicated by
repeated-measures (RM) two-way ANOVA of intertrial shuttles,
which showed significant effects for training (F,189) = 6.75, P <
0.01) and training-group interaction (F151s9) = 2.73, P < 0.01),
but not for group (F2,189) = 1.70, P > 0.05). Post-hoc comparisons
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Figure 2. Restoration of TH expression in PFC, striatum, and amygdala
of viDD mice. TH immunostaining (in red) was visualized in coronal sec-
tions of brains from control and vrDD mice. (A-D) TH expression pattern
is shown in sections of the striatum of sham mice (A), vrDD mice that had
no CAV2-Cre injected into the striatum (B), and vrDD mice that received
CAV2-Cre injections into the whole striatum (C,D). (E-H) TH expression in
the amygdala of sham mice (£), viDD mice that had CAV2-Cre injected
into the amygdala (F), and vrDD mice that were not injected with
CAV2-Cre into the amygdala (G,H). (I-L) TH expression pattern in the
PFC of sham mice (/), viDD mice that had CAV2-Cre injected into the
PFC (J,K), and vrDD mice that received no CAV2-Cre injections into the
PFC (L). (M-0) TH expression pattern in the striatum of vrDD mice that
received CAV2-Cre injections into the whole striatum (M), into the NAc
(N), and into the CPu (O). (P-R) TH expression in the amygdala of
vrDD mice that had CAV2-Cre injected into the amygdala together with
the whole striatum (P), the NAc (Q), and into the CPu (R). Annotations
on the left refer to the brain areas shown in boxes. Annotations at the
bottom of the sections refer to the grouping of vrDD mice according to
their CAV2-Cre injection protocol.
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Figure 3. Acquisition of 2WAA requires DA signaling in both amygdala and the whole striatum.
Learning was assessed over a period of 2 d (100 trials per day); recordings from every 20 trials were com-
bined into a training block and mean scores were calculated per block. (A-C) Intertrial shuttles (A),
latencies to escape from the sound cue (B), and percentage of active avoidance responses (C) by saline-
treated sham-control (n = 8), caffeine-treated sham-control (n=9), and caffeine-treated vrDD mice
that had DA signaling restored to the PFC and amygdala (n = 7). (D-F) Intertrial shuttles (D), latencies
to escape from the sound cue (), and percentage of active avoidance responses (F) by sham-control
(n=6), vrDD mice that had DA signaling restored to the striatum (n = 6), to the striatum plus amyg-
dala (n = 8), and to the striatum plus the PFC (n=9). (G-/) Intertrial shuttles (G), latencies to escape
from the sound cue (H), and percentage of active avoidance responses (/) by sham-control (n = 8),
vrDD mice that had DA signaling restored to the NAc plus the amygdala (n = 8), or to the CPu plus

amygdala (n = 8). Data are expressed as mean + SEM.

of locomotor activity revealed only significant differences
between caffeine-treated sham-control and vrDD-PFC and Amy
mice throughout trial blocks eight to ten (P < 0.05). RM two-way
ANOVA of both escape latencies and avoidances revealed signifi-
cant effects for training (Latencies: F 139y =32.02, P<0.01;
Avoidances:  Fg,1809) = 41.87, P <0.01), group (Latencies:
F3,1809)=13.79, P < 0.01; Avoidances: F; 139, = 10.22, P < 0.01),
and training—group interactions (Latencies: Fg189) = 4.39, P <
0.01; Avoidances: Fg189) = 7.89, P <0.01). While saline- and
caffeine-treated sham-control mice had no differences in avoidan-
ces on any given trial block (P > 0.05), the escape latencies of
caffeine-treated, sham-control mice were significantly lower
than of saline-treated, sham-control mice on trial blocks 06
(P<0.01) and 08 (P < 0.05). Caffeine-treated vrDD-PFC and
Amy mice had higher escape latencies and reduced avoidances,
compared to both caffeine- and saline-treated, sham-control
mice, throughout trial blocks 7-10 (P < 0.01). We conclude that
treatment with caffeine did not impair 2WAA in sham-control
mice and that although caffeine stimulates locomotion in viDD
mice to a degree similar to saline-treated, sham-control mice,
manifestation of 2WAA is still absent in vrDD mice that had DA
signaling restricted to only the amygdala and PFC.

Next, we analyzed viDD mice with DA restricted to the
striatum alone, to both striatum and amygdala (Striatum and
Amy), or to both striatum and PFC (Striatum and PFC).
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Locomotor activity by all of these viDD
mice was similar to sham-control mice
(Fig. 3D), as shown by RM two-way
ANOVA of intertrial shuttles, which
showed no significant effects for
training (Fo,171) = 1.92, P > 0.05), group
(Fi2,179) = 2.78, P> 0.05), or training—
group interactions (F18,171) = 1.08, P>
0.05). Whereas restriction of DA
signaling to either striatum or striatum
and PFC did not allow for 2WAA,
viDD-Striatum and Amy mice had
2WAA similar to sham-control mice
(Fig. 3E,F). RM two-way ANOVA of both
escape latencies and avoidances revealed
significant effects for training (Laten-
cies: F(9'243) =20.12, P < 0.01; Avoidan-
ces: Fp43=34.01, P<0.01), group
(Latencies:  F3243y=30.93, P <0.01;
Avoidances: F3 243 = 19.34, P <0.01),
and training-group interactions (Laten-
cies: F(27’243) = 369, P< 001, Avoidan-
ces: F(27'243) = 630, P< 001) Post-hoc
comparisons confirmed that escape
latencies of vrDD-Striatum and vrDD-
Striatum and PFC mice were significantly
elevated when compared to sham-
control (trial blocks 3-10, P < 0.01) and
viDD-Striatum and Amy mice (trial
blocks 6-10, P <0.01). Avoidances by
viDD-Striatum and vrDD-Striatum and
PFC mice were significantly reduced
when compared to sham-control (trial
blocks 6-10, P < 0.01) and vrDD-Stria-
tum and Amy mice (trial blocks 7-10,
P <0.01). Thus, DA signaling in both
the striatum and amygdala is sufficient
to restore 2WAA.

To test whether DA signaling to
striatal subregions, together with the
amygdala, might be sufficient for
2WAA, we also tested vrDD mice that had DA signaling restored
to the amygdala together with either the NAc or CPu. Although
intertrial shuttles were similar to sham-control levels, neither
viDD-NAc and Amy or vrDD-CPu and Amy mice had intact
2WAA (Fig. 3G-I). RM two-way ANOVA of intertrial shuttles
showed no significant effects of group (F(z,189) = 3.39, P > 0.05)
and significant effects of training (Fo,159) = 2.44, P < 0.05) and
training-group interactions (F(151s9) = 2.40, P < 0.05). Post-hoc
comparisons confirmed that viDD-NAc and Amy mice had more
shuttles than sham mice during trial block 2 and that viDD-CPu
and Amy had more shuttles than sham mice during trial blocks
2 and 5. RM two-way ANOVA of both escape latencies and avoi-
dances revealed significant effects for training (Latencies:
F(g[lgg) = 3642, rP< 001, Avoidances: F(g[]gg) = 2488, P< 001),
group (Latencies: F189)=49.12, P<0.01; Avoidances:
F,189)=30.29, P<0.01), and training—group interactions
(Latencies: F(lg’lgg) = 1890, rP< 001, Avoidances: F(lg,lgg) =
24.88, P <0.01). Post-hoc comparisons confirmed that escape
latencies by viDD-NAc and Amy and viDD-CPu and Amy mice
were significantly longer than latencies by sham-control mice
(trial blocks 3-10, P < 0.01). Avoidances by viDD-NAc and Amy
and vrDD-CPu and Amy mice were significantly reduced when
compared to sham-control mice (trial blocks 6-10, P < 0.01).
We conclude that DA signaling in the entire striatum (CPu and
NAc) plus the amygdala is necessary for mice to learn 2WAA,
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even though restoration to either CPu or NAc was sufficient to
restore locomotion.

Shock escape behavior requires DA signaling in the
striatum and amygdala
In addition to examining the contributions of DA signaling to per-
formance of the conditioned avoidance to the sound cue (2WAA),
we also analyzed the requirements of DA signaling to the simpler
shock-escape behavior. Whenever a mouse did not show 2WAA, it
received a foot shock, which could either be endured for 2 sec or
terminated by moving to the other side of the test box.
Caffeine-treated vrDD-PFC and Amy mice did not escape
the shock (Fig. 4A), as verified by RM two-way ANOVA analysis
of shock-escape latencies, which revealed significant effects of
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Figure 4. Acquisition of simple shock-escape behavior requires DA sig-
naling in both amygdala and the whole striatum. Learning was assessed
over a period of 2 d (100 trials per day); recordings from every 20 trials
were combined into a training block and mean scores were calculated
per block. For those trials when the shock was not avoided by escaping
to the sound cue in time, latencies to escape from the foot shock were
recorded. (A) Shock-escape latencies by saline-treated sham-control
(n=28), caffeine-treated sham-control (n=19), and caffeine-treated
viDD mice that had DA signaling restored to the PFC and amygdala
(n=7). (B) Shock-escape latencies by sham-control (n= 6), vrDD mice
that had DA signaling restored to the striatum (n=6), to the striatum
plus amygdala (n=8), and to the striatum plus the PFC (n=9). (O)
Shock-escape latencies by sham-control (n = 8), vrDD mice that had DA
signaling restored to the NAc plus the amygdala (n = 8), or to the CPu
plus amygdala (n = 8). Data are expressed as mean = SEM.
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training (F(g,lgg) = 1776, rP< 001), group (F(zflgg) = 2245, rP<
0.01), and training-group interactions (F(;g1809)=1.76, P <
0.05). Post-hoc comparisons of shock-escape latencies demon-
strated significant differences between saline-treated sham-
control and viDD-PFC and Amy mice for trial blocks 4-5 and
7-10 (P < 0.05) and also significant differences between caffeine-
treated sham-control and vrDD-PFC and Amy mice for all trial
blocks (P < 0.01).

Mice with DA signaling restricted to either striatum or stria-
tum and PFC also failed to avoid the shock; however,
viDD-Striatum and Amy mice had shock-escape behavior similar
to sham-control mice (Fig. 4B). RM two-way ANOVA of
shock-escape latencies revealed significant effects for training
(F(9'243) = 1426, P< 001), group (F(3'243) = 29.28, rP< 0.01), and
training—group interactions (F(»7,243) = 2.38, P < 0.01). Post-hoc
comparisons confirmed that shock-escape latencies of vrDD-
Striatum and vrDD-Striatum and PFC mice were significantly lon-
ger when compared to sham-control (trial blocks 1-10, P < 0.05)
and vrDD-Striatum and Amy mice (trial blocks 3-10, P < 0.0S5).

Restoration of DA signaling to the amygdala together with
either NAc or CPu did not restore shock-escape behavior
(Fig. 4C). RM two-way ANOVA of both shock-escape latencies con-
firmed significant effects for training (Fo,189) = 17.78, P < 0.01),
group (F(2,1809) = 47.49, P<0.01), and training-group interac-
tions (F(18,189) = 5.63, P < 0.01). Post-hoc comparisons confirmed
that shock-escape latencies by viDD-NAc and Amy and vrDD-CPu
and Amy mice were significantly higher than latencies by sham-
control mice (trial blocks 2-10, P < 0.05).

We conclude that only restoration of DA signaling to both
amygdala and the entire striatum enabled DD mice to escape
the shock. Importantly, restoration of DA signaling to the stria-
tum alone was insufficient to allow shock escape, hence ruling
out locomotor activity differences between these mice and DD
mice that had DA signaling restored to the striatum together
with the amygdala.

DA action in the striatum is sufficient to maintain
well-learned 2WAA

To determine after how many training days of 2ZWAA mice would
be overtrained, we tested extinction of 2WAA in control mice after
4 or 9 d of training (Supplemental Fig. SO1). RM two-way ANOVA
of avoidances per total training/extinction day confirmed signifi-
cant effects of pretraining (F(; 44)= 15.30, P < 0.01), number of
extinction sessions (F4 44)=61.47, P<0.01), and interaction
effects (F(4,44) = 2.52, P < 0.05). Hence, training for 9 d is more
resistant to extinction than training for 4 d. Based on this result,
we trained, DD, vrDD sham-control mice for 9 d. Sham-control
mice were trained for 9 d with saline and then tested on day 10
with caffeine. Caffeine treatment did not affect 2ZWAA in over-
trained control mice (Fig. 5A), as indicated by RM two-way
ANOVA, which failed to detect significant effects of training block
(F(4,56) = 0.53, P> 0.05), or of treatment (F(; 56,= 0.13, P > 0.05)
and interaction (F(4,56) = 1.80, P > 0.0S5).

DD mice were trained for 9 d with L-Dopa injections and
then tested on day 10 with caffeine. After this, they were retrained
for 2 d with L-Dopa and then tested with saline. Whereas caffeine
enabled DD mice to perform 2WAA for the first trial block, saline-
treated DD mice were totally incapable of performing 2WAA
(Fig. 5B), as indicated by RM two-way ANOVA of avoidances,
which detected significant effects of training block (F4128) =
5.82, P<0.01), of treatment (F(;,128)=7.07, P<0.01), and of
interaction (Fq2,128) = 8.26, P < 0.01). Post-hoc comparisons con-
firmed that avoidances by saline-treated DD mice were reduced
compared to any group of L-Dopa or caffeine-treated DD mice
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function of DA signaling for 2WAA is
essentially different. First, with the lack
of DA being the status quo for DD mice,
we can study behavior in the absence of
DA and compare it to performance after
pharmacological reconstitution of DA
synthesis with L-Dopa (Palmiter 2008).
Second, using viral gene therapy we can
permanently restore DA signaling in dis-
tinct brain areas of DD mice, which
allows us to examine where DA is suffi-
cient for specific aspects of behavior
(Hnasko et al. 2006; Darvas and
Palmiter 2009, 2010).

Although DD mice can learn some
simple behaviors in a DA-depleted state
(Denenberg et al. 2004; Hnasko et al.
2005; Robinson et al. 2005), viDD mice
cannot learn that a tone predicts the
shock and avoid it by moving to the

Training block (vrDD-PFC & Amy mice)

Figure 5. DA signaling in the striatum is sufficient to maintain 2WAA. (A) Sham-control mice (n = 8)
were trained for 9 d (five blocks of 20 trials per block per day) with saline injections given before each
training session. After this pretraining, they were tested on day 10 after caffeine treatment. The percent-
age of avoidances per 20-trial block on day 9 (saline treatment) and day 10 (caffeine treatment) are
shown. (B) DD mice (n = 9) were trained for 9 d with L-Dopa, then tested on the following day after
injection with caffeine, retrained for 2 d with L-Dopa and then tested on the following day with
saline. The percentage of avoidances per 20-trial block on day 9 (L-Dopa treatment) and day 10
(saline treatment) are shown. (C) vrDD mice that had DA synthesis restricted to PFC and amygdala
(n=7) were trained with L-Dopa for 9 d and then tested on the following day after injection with caf-
feine. The percentage of avoidances per 20-trial block on day 9 (L-Dopa treatment) and day 10 (caffeine
treatment) are shown. (D) vrDD mice that had DA synthesis restricted to entire striatum (n = 8) were
trained with L-Dopa for 9 d and then tested on two following days after injection with saline. The per-
centage of avoidances per 20-trial block on day 9 (L-Dopa treatment), day 10 (saline treatment), and

day 11 (saline treatment) are shown. Data are expressed as mean + SEM.

(P < 0.01). However, avoidances by caffeine-treated DD mice were
only significantly reduced on trial blocks 2-5.

Two groups of viDD mice that did not learn 2WAA were then
trained for 9 d with L-Dopa and tested without further L-Dopa
treatment. One vrDD group had DA synthesis restored only to
the amygdala and PFC; it was tested in the presence of caffeine
to overcome their locomotor deficit. The other group of viDD
mice had DA synthesis restored to the whole striatum.
Caffeine-treated viDD-PFC and Amy mice were unable to main-
tain 2WAA similar to levels reached in the presence of L-Dopa
(Fig. 5C). Although two-way ANOVA of avoidances did not detect
a significant effect of training block (F4 40) = 2.24, P> 0.05),
effects of both treatment (F;,40) = 8.88, P < 0.05) and interaction
(F(4,40) = 5.43, P < 0.01) were statistically significant. In contrast,
saline-treated vrDD-Striatum mice maintained avoidances similar
to levels reached in the presence of L-Dopa (Fig. SD). Two-way
ANOVA did not detect any significant effects of training block
(Fa,84) = 2.42, P> 0.05), treatment (Fg4)=1.11, P> 0.05), or
interaction effects (Fg 56, = 0.89, P > 0.05) for avoidances of well-
trained vrDD mice after treatment with L-Dopa or saline. We con-
clude that after 2WAA is successfully acquired, DA signaling is still
required for performance and DA signaling in the striatum only is
sufficient to maintain 2WAA.

Discussion

Common approaches to study the involvement of DA signaling in
behavior aim at preventing DA signaling by either killing DA neu-
rons or pharmacological blockade of DA receptors (Ungerstedt
1971; Dickinson et al. 2000). Our strategy to investigate the
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opposite chamber or to even escape after
the shock commences without DA sig-
naling in both the striatum and amyg-
dala. Because locomotor activity by
viDD mice that had intact 2WAA was
the same as that of vrDD mice that
received viral injections into the whole
striatum or into striatal subregions, the
deficits in 2WAA are not due to locomo-
tor impairments. Similarly, locomotor
activity of DD mice or caffeine-stimu-
lated vrDD mice that had DA restored
to the PFC and amygdala was also com-
parable to vrDD mice that had intact
2WAA. Thus, the inability to perform
2WAA was not due to a locomotor deficit.
In addition, we have previously shown that DD mice have intact
acoustic startle, prepulse inhibition, and shock reactivity (Fadok
et al. 2009), which argues against impaired sensory abilities
(including the ability to respond to shocks) as an alternative
explanation for deficits in 2WAA by some groups of vrDD mice.

Surprisingly, the performance of the viDD-PFC-Amy mice
that had been trained with L-Dopa and tested with caffeine
declined gradually on the test day. Their performance was very
good during the first training block but then gradually decayed
during subsequent training blocks, rather than dropping precipi-
tously, as observed with DD mice trained with L-Dopa and then
given saline. This result suggests that, although there is some
memory of the training the performance decays during the course
of the test session in the absence of DA. Because performance after
caffeine injection of viDD-PFC-Amy and DD mice were essentially
the same, this initial performance does not require DA signaling
in PFC or amygdala. This decay of performance in the absence
of striatal dopamine suggests that, although a behavior is well
learned, a striatal dopamine is always necessary to sustain that
behavior by providing a reinforcement signal (Schultz 2007). In
the case of conditioned avoidance, dopamine could be necessary
for either the reinforcement properties of the shock itself or of the
shock avoidance response (Mowrer 1947).

Our results expand upon earlier studies that demonstrated
slower avoidance learning after pharmacological striatal DA
depletion in rats (Halladay et al. 2000). Our finding, that 2WAA
is absent in vriDD mice when DA signaling is restored to the stria-
tum alone, but intact when restored to both amygdala and stria-
tum, is strong evidence for an interaction of DA signaling in
these two brain regions. Pavlovian conditioning experiments
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have demonstrated that DA signaling in the amygdala is crucial
for the establishment of associations between the conditioned
stimulus and an aversive unconditioned event (Lamont and
Kokkinidis 1998; Greba et al. 2001; Pezze and Feldon 2004; de
Oliveira et al. 2009; Fadok et al. 2009). DD mice are unable to learn
a fear-potentiated startle response, but it can be restored with
either L-Dopa or viral restoration of DA signaling in the VTA
(Fadok et al. 2009) or NAc and amygdala (Fadok et al. 2010). We
therefore suggest that the contingency between the sound cues
used during 2WAA training and the foot shocks cannot be learned
without DA signaling in the amygdala and NAc (a major projec-
tion area of the VTA); hence, the DD mice cannot learn the condi-
tioned avoidance response either. Interestingly, the restoration of
DA signaling to either amygdala and NAc or amygdala and CPu is
insufficient to support 2WAA. These results likely reflect different
functional contributions of DA signaling to the NAc and the
CPu. One hypothesis proposes that the NAc is important for
Pavlovian-types of associations linking cues to particular out-
comes, whereas the CPu is divided into a medial system that sup-
ports action-goal associations and a lateral system participates in
stimulus-response associations (Ikemoto 2007). Both of these sys-
tems contribute to behavioral selection and are thought to be
important for instrumental learning. We suggest that striatal DA
signaling is crucially involved in allowing mice to adopt and
exhibit the conditioned avoidance response by facilitating (1)
Pavlovian learning mechanisms to associate the sound cue with
the foot shock, (2) generation of a goal-directed avoidance
response, and then (3) a reflex-like execution of the avoidance
response. However, once an avoidance response is acquired, DA
signaling in the striatum is sufficient to maintain performance
in viDD mice, suggesting that DA signaling in the amygdala is
only required for the acquisition of this behavior. This inference
is consistent with studies that demonstrated a modulation of stria-
tal memory processes by the amygdala (Packard 2009). In particu-
lar, whereas post-training intra-amygdala infusion of the indirect
catecholamine agonist D-amphetamine enhanced memory in a
striatum-dependent, water-maze task, neural inactivation of the
amygdala immediately prior to a retention test did not block
this memory-enhancing effect (Packard et al. 1994; Packard and
Teather 1998).

A surprising corollary of our results is that DA signaling to the
PFC appears to be unnecessary to acquire 2WAA because mice
with DA signaling in striatum plus amygdala can learn 2WAA,
whereas mice with DA signaling in striatum and PFC cannot.
DA projections from the VTA and excitatory projections from
the amygdala converge in the medial PFC, forming a functional
circuit that has been implicated in cued fear conditioning
(Maren and Quirk 2004; Gabbott et al. 2005; Floresco and Tse
2007). D1R-like and D2R-like receptors are expressed by both
interneurons and pyramidal cells in the PFC (Goldman-Rakic
et al. 2000; Negyessy and Goldman-Rakic 2005), where they exert
complex excitatory and inhibitory actions (Seamans et al. 2001;
Tseng and O’Donnell 2004). Thus, it is possible that although
DA signaling in the PFC can enhance the excitatory neurotrans-
mission from the amygdala (Floresco and Tse 2007), a total deple-
tion of DA in the PFC, like that found in our viDD mice, might
have unpredicted consequences. Another possibility is that cued-
fear conditioning involves a few pairings between the cue and
usually a much stronger fearful event, whereas mice require
>100 parings to master 2WAA; therefore the role of the PFC might
be masked in 2WAA procedures. Lending support to our result is
the observation that rats with lesioned DA projections to the
PFC have no deficits on a conditioned-avoidance task (Koob
et al. 1984).

Taken together, our observations demonstrate that an inter-
action between DA signaling in both amygdala and the whole
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striatum is necessary for the acquisition of 2WAA. Yet, after pro-
longed training (perhaps after a habit is formed) this interaction
is no longer necessary and 2WAA can be performed with DA sig-
naling restricted to the striatum.

Methods
Drugs

L-Dopa (Sigma) was dissolved in saline solution containing 0.25%
ascorbic acid and then filtered. Caffeine (Sigma) was dissolved in
saline solution. All drugs were administered intraperitoneally.

Animals

All experiments were approved by the Institutional Animal Care
and Use Committee at the University of Washington. The DD
mice were generated and maintained with daily administration
of L-Dopa as described (Hnasko et al. 2006). Mice of both sexes
were maintained on a mixed C57Bl/6 X 129/SvEv genetic back-
ground. They were housed under a 12-h, light-dark cycle in a
temperature-controlled environment with food and water avail-
able ad libitum except during testing. The CAV2-Cre virus was
generated and titered as described (Kremer et al. 2000). The virus
preparation had a titer of 6 x 10'? particles/mL. Bilateral injec-
tions of 0.5 pL of CAV2-Cre into the amygdala (y = —1.5 mm pos-
terior to Bregma, x = £2.75 mm lateral to midline, z = 4.75 mm
ventral from the skull surface), CPu (y = 0.9, x = £1.75, z =3.0),
NAc (y=0.9, x==%1.0, z=4.8), and PFC (y =194, x=+0.3,
z =2.75) were performed on anesthetized (isoflurane) 2-3 mo
old male and female DD or wild-type mice (referred to as sham
controls). Virally injected DD (vrDD) mice were removed from
the L-Dopa treatment 2 wk after the viral injection and were
allowed one more week of recovery before behavioral testing
began. DD mice (whether treated with caffeine or L-Dopa)
received daily L-Dopa injections at least 6 h after completion of
the experimental sessions. We injected 7 DD and 17 sham mice
with CAV2-Cre into the PFC together with the amygdala.

Immunohistochemistry

After transcardial perfusion (4% paraformaldehyde) of deeply
anesthetized mice, brains were removed, cryoprotected in 30%
sucrose, frozen in isopentane, and sectioned on a cryostat.
Proteins were detected on free-floating 30-um brain sections by
using a rabbit anti-TH (1:2000; Chemicon) antibody in conjunc-
tion with a CY3-labeled IgG secondary antibody (1:200; Jackson
ImmunoResearch).

Behavioral studies

2WAA was assessed in an apparatus that consisted of four identical
PACS-30 two-way shuttle boxes (Columbus Instruments). Each
box was divided into two identical compartments by an opaque
wall that had an opening allowing the mice to traverse from one
compartment to the other. The grid floor was made of stainless
steel rods that were connected to a constant current shock gener-
ator that delivered a foot shock to the entire grid. Inside the com-
partments were photobeams that detected the presence or
absence of the mouse in each compartment. The boxes were illu-
minated during the experimental trials by two diffuse light sour-
ces that were mounted on the ceilings of each compartment.
Each chamber was equipped with a sound-cue generator that
was situated above the opening between the two compartments.
Mice received 100 trials per day, each of which was followed by
an intertrial interval (ITI). Each trial started with the onset of a
5-sec sound cue (2.5 kHz, 80 dB). If the mouse moved to the other
chamber within this time the sound cue was terminated.
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Avoidance failure was followed by the delivery of a 0.3-mA foot
shock to the floor of the shuttle box (co-presented with the sound
cue) that could last for a maximum of 2 sec and was terminated if
the mouse moved to the other chamber. In either case or even if
the mouse did not move at all, the protocol resumed with a
40-sec ITI, during which mice were allowed to shuttle freely
between chambers. During each trial, the latency to escape from
the sound cue, escape from the foot shock, and the number of
avoidances during presentation of the sound cue were recorded.
During each ITI only the number of shuttles between chambers
was recorded. Results from each of the 20 trials or ITIs were com-
bined into training a block.

Acquisition of 2WAA was recorded over a period of two ses-
sions separated by 24 h. To allow DD mice that were virally res-
cued in the PFC and amygdala to perform 2WAA, 15 mg/kg
caffeine was given 10 min prior to both training sessions.
Caffeine acts as an antagonist of adenosine receptors, which are
present on medium spiny neurons in the striatum. This treatment
stimulates locomotion in DD mice, allowing them to perform
simple behavioral tasks (Denenberg et al. 2004; Robinson et al.
2005). In addition, one group of sham animals received the
same caffeine treatment and another group of sham mice received
saline injections 10 min prior to both training sessions.

Extinction training of 2WAA was assessed to determine the
number of training days needed for overtraining of 2WAA.
Control mice were trained for either 4 or 9 d as described above
and then subjected to extinction sessions. During these sessions
all conditions were equal to acquisition training conditions,
with the exception that now there were no more foot shocks fol-
lowing the sound cues.

Maintenance of 2WAA after overtraining was assessed by ena-
bling vrDD mice that did not show 2ZWAA during acquisition to
perform 2WAA through systemic restoration of DA synthesis by
treatment with L-Dopa (30 mg/kg). We chose vrDD mice with
DA synthesis restored to the PFC together with the amygdala
and viDD mice with DA synthesis restored to the striatum.
These viDD mice were from a new, experimentally naive group
of mice. This training with L-Dopa treatment continued for 9 d
(overtraining). Then, for a test training session on day 10, the
L-Dopa treatment was substituted with either caffeine (15 mg/
kg), for viDD mice that have no DA in the striatum or with saline.
Sham-control and vrDD mice that had received viral injections
into the PFC together with the amygdala were tested for one day
after administration of caffeine. Because overtrained viDD mice
that were injected into the whole striatum showed intact 2ZWAA
when given saline, we tested them for one more day in the pres-
ence of saline. In addition, we also overtrained naive DD mice
in the presence of L-Dopa and then tested them after caffeine
injection. They were then retrained with L-Dopa and tested after
saline injection. This procedure was employed to demonstrate
the necessity of DA signaling for performing 2WAA.
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